Moreover, numerical modelling employing the commercial package ABAQUS was conducted to help interpret the test results in order to get better understanding of such slabs in fire.
INTRODUCTION
Post-tensioned (PT) concrete flat slabs with unbonded tendons have been increasingly adopted in both commercial and residential buildings for floor systems all over the world with the remarkable merits of reduced span-to-depth ratio and enhanced load-carrying capacity. Nevertheless, the fire resistance design requirements for flat slabs presented in the codes ACI 318-08 [1] and BS EN 1994-1-2 [2] and the professional manual [3] based on limited research results obtained decades ago are mainly prescriptive. Improved understanding of the true behaviour of flat slabs under fire conditions will therefore be helpful to better fire resistance design in consideration of structural safety and cost.
The pioneering research on PT concrete flat slabs exposed to ASTM E119 standard fire has been reported by Gustaferro [4] , where no concrete spalling occurred and the fire resistance periods exceeded 3 hours. From the studies, recommendations of minimum concrete cover and critical temperature of prestressing steel tendons were proposed for required fire resistance periods. However, as pointed out by Gales et al. [5] , these tests could be out of date with respect to construction material and technique employed, and quite insufficient for performance-based fire resistance design. Nevertheless, few fire tests of PT concrete flat slabs have been carried out since then, except for the fire tests of one-way PT concrete slabs conducted in the recent decade mainly in Mainland China and the UK. Yuan et al. [6] have investigated the effects of sequential fire exposure on continuous unbonded PT concrete slabs, namely exposing the middle span to fire for 90 minutes and then the end span to fire for 90 minutes in succession, or in reverse. It was concluded from the investigation that the damage modes of the slabs were significantly 3 affected by the sequence of fire exposure. Zheng et al. [7] have tested simply-supported PT concrete slabs and two-span PT concrete slabs with the two spans exposed to fire simultaneously, where specimens were cast with normal strength concrete with calcareous coarse aggregate. The strength ranged from 40 MPa to 60 MPa and the moisture contents from 2.36% to 3.98% by mass. In the experiments, concrete spalling was observed, and an envelope diagram was proposed with respect to normal stress, concrete strength and moisture content for preliminary judgment of possibility of concrete spalling. In the UK, Bailey and Ellobody [8] conducted fire tests of simplysupported PT concrete slabs with unbonded tendons at the same time, taking into consideration the aggregate types and longitudinal restraints. The results showed that the structural behaviour was dominated by the thermal expansion of aggregate, and that longitudinal restraints could reduce the slab deflection because of arching action formed in the slab due to the restraining force.
Previous tests have provided better understanding of the performance of one-way PT normal-strength concrete slabs under fire conditions. Further investigation is therefore necessary to understand the structural fire performance of two-way PT flat slabs, particularly their deformations and load-carrying mechanisms in fire. Moreover, highstrength self-compacting concrete (HSSCC) is becoming increasingly popular in modern building construction, but it is sensitive to concrete spalling when exposed to fire due to its relatively low permeability and lower porosity [9, 10] . Therefore, the present investigation is to explore the behaviour of PT HSSCC flat slabs with unbonded tendons in fire based on experimental and numerical approaches. 4 
TESTS AND NUMERICAL MODELLING

General
The test specimens, denoted as Test-1, Test-2, Test-3 and Test-4, respectively, were identical in geometry but different in tendon arrangement and loading ratio, as shown in Table 1 . The tendon arrangement in each direction were banded or distributed. The design prestressing level was specified by the ratio of the final average PT tendon stress to the ultimate strength. The design loading ratio was that of the applied loads including the self-weight of slab to the ultimate loading capacity of the slab. Figure 1 shows one of the test specimens, which comprises a flat slab supported on four columns seated on a base grid of beams. Only the central panel of the slab enclosed by the columns was exposed to fire, while the rest of slab and columns were protected from fire with ceramic wool. The numerical model of one quarter of the specimen shown in Figure 2 was established employing the ABAQUS package. The concrete and prestressing tendons were modelled by three-dimensional (3D) solid elements while the steel reinforcing bars were modelled by 3D truss elements. Frictionless contact between the prestressing tendons and the surrounding concrete was assumed in the model. The thermal and mechanical properties of the materials at elevated temperature and the thermal parameters for convection and radiation were taken from BS EN 1991-1-2 [11] and BS EN 1992-1-2 [2] , respectively. The concrete used for the slab and columns in the tests was grade C60 HSSCC with granite aggregate and ground granulated blast-furnace slag (GGBS), with composition given in Table 2 . Grade C40 normal concrete was used for the support beams. 5 
Specimens
The specimens were designed according to BS EN 1992-1-1 [12] and ACI 318 [1] to reduced scale due to the dimensional limitation of the furnace. Figure 3 Besides, the HSSCC strengths at 28 days and on the test day, average initial forces of tendons and those after loss, loads not including self-weight of the slabs, and moisture contents were recorded as shown in Table 3 . The moisture content was determined from two concrete cores taken from each specimen by weighing both before and after heating in an oven at the temperature of 105°C for 24 hours according to BS 476-20 [13] .
RESULTS AND DISCUSSIONS
Results obtained from the tests are presented covering the thermal profiles, deflections, crack patterns and concrete spalling. These results are also discussed based on numerical modelling for better understanding the PT flat slabs in fire.
Deleted: with two concrete cores taken from each specimen by weighing both before and after heating in an oven at the temperature of 105°C for 24 hours The predicted displacements obtained from numerical modelling show reasonable agreement with those obtained from Test-1 and Test-2, but obvious discrepancies still exist as shown in Figure 8 . The discrepancies may be attributed to two aspects. One is that the thermal expansion of concrete considered in numerical modelling, which is taken 11 to be that of siliceous normal concrete from BS EN 1992-1-2 [2] , while the concrete in the tests is HSSCC. The other aspect is that transient thermal creep strain of concrete was not explicitly considered. Further refinement is necessary. Moreover, it can be seen that tendon distribution has minor effects on the crack patterns, but its impact on the tensile stress distribution is relatively obvious.
Crack distribution
Concrete spalling
Severe concrete spalling occurred to the slabs of Test-3 and Test-4, causing premature failure of the slabs by tendon fracture or spalling-induced through holes in slab. However, the numerical models used could not consider the reduction in slab section due to fragmentation and explosive spalling of concrete, which may cause discrepancies in prediction. The major factors affecting concrete spalling at elevated temperature include pore pressure due to moisture, thermal stress due to restraint against thermal expansion, 13 and their combined effects. However, the mechanism of concrete spalling still remains controversial.
In Test-3, a series of popping sounds were intermittently heard since 5 minutes after fire exposure and they continued for 25 minutes. Then several big "bangs" were heard as well.
Afterwards, it remained more or less quiet, but after 35 minutes of fire exposure, a strong cracking sound was heard. After 40 minutes of fire exposure, a small area of concrete exploded at the top surface of slab near the load spreader, which is denoted as TS-1 (where TS stands for top spalling) in Figure 11 (a). After 50 minutes of fire exposure,
another relatively large area of concrete exploded also near the load spreader, which is denoted as TS-2, and the test was terminated. Finally no through hole was formed in the slab. At the end of 40 minutes of fire exposure, the water that appeared earlier on the top surface was evaporated completely, leaving behind the slab dry in appearance. It suggests that the explosive spalling is mainly caused by the thermal and compressive stresses in accordance with Hertz [15] .
Detailed examination of the slab after fire revealed a large area of concrete at the soffit of slab having spalled as shown in Figure 11 (b). Different degrees of spalling are observed, which are denoted as BS-1, BS-2 and BS-3 (where BS stands for bottom spalling). BS-1 is less severe with only concrete cover having spalled, while BS-2 and BS-3 are quite severe as the concrete above the bottom layer of reinforcement has spalled, where compressive stresses have been relatively large at commencement of fire as shown in Figure 11 (c). Besides, one strand fractured due to direct exposure to fire. The overall 14 spalling is more than half of the soffit area, but it is not uniform possibly due to nonuniform moisture distribution.
In Test-4, similar sounds were heard as well. The differences are that the popping sounds were more intensive from the time after 10 minutes of fire exposure to the end, unlike those intermittent sounds in Test-3. In particular, near the end of test, significant explosive spalling happened forming a through hole in the slab with crushed concrete pieces flying upward violently. The spalled area and position are denoted as TS-1 in Figure 12 (a). Just a few seconds later, similar explosive spalling denoted as TS-2 happened again, which was much stronger and much larger in area. Nevertheless, the slab did not collapse.
By examining the soffit of slab as shown in Figure 12 (c) There may be a threshold moisture content that triggers concrete spalling under certain compressive stresses. In the tests, the threshold is between 2.36% and 2.53%.
(d) Concrete spalling is mainly governed by moisture content and compressive stresses.
After the concrete spalling is triggered, it develops in a progressive manner.
However, with the progress of fire, the effect of moisture content gradually reduces while the effect of ensuing compressive stresses becomes more important. 
